M orphogenesis during development is fundamental to the differentiation of several cell types. As neurite outgrowth marks neuritogenesis, formation of filopodia precede the formation of dendrites and axons. While the structure of filopodia is well-known, the initiation of filopodia during neurite outgrowth is not clear. SH2B1 is known to promote neurite outgrowth of PC12 cells, hippocampal and cortical neurons. As a signaling adaptor protein, SH2B1 interacts with several neurotrophin receptors, and regulates signaling as well as gene expression. Our recent findings suggest that SH2B1 can be recruited to the plasma membrane and F-actin fractions by IRSp53. IRSp53 bends plasma membrane and facilitates actin bundling to set the stage for filopodium formation. We further demonstrate that SH2B1-IRSp53 complexes enhance the formation of filopodia, dendrites and dendritic branches of hippocampal and cortical neurons. While the molecular mechanism underlying filopodium initiation is not clear, we propose that SH2B1-neurotrophin interacting sites may mark the putative sites of filopodium initiation.
Morphogenesis during development involve dynamic and dramatic changes of cell morphology, which is largely regulated by actin cytoskeleton. 1 An array of proteins have been implicated in regulating polymerization of actins into filaments, and thus facilitating the organization of filaments into defined structures, such as lamellipodia, stress fibers and filopodia. [1] [2] [3] [4] [5] Filopodia are actin-rich finger-like membrane protrusions and function by sensing environmental cues, serving as sites for integrating signaling and interacting with extracellular matrix. In the developing mammalian brain, neurotrophic factors initiate intracellular signaling to regulate gene expression for controlling neural cell fate. These factors including NGF (nerve growth factor), BDNF (brain-derived neurotrophic factor) and FGFs (fibroblast growth factors) are reported to promote differentiation and survival of neurons.
While neurite outgrowth is the marker for morphological differentiation, filopodium formation precedes the formation of neurites. 6, 7 Embryonic hippocampal neurons initiate motile actin-rich filopodia, followed by the microtubule-supported extension of neurites, and then determination of dendrites and axons. Although it is not clear whether the formation of dendrites and axons uses the same mechanism, the initiation and formation of filopodia are obviously important steps during morphogenesis of neurons. Nonetheless, the molecular mechanisms underlying the initial membrane protrusion during filopodium formation is not completely understood.
The adaptor/scaffolding protein SH2B1 is known to enhance neurite outgrowth. [8] [9] [10] [11] [12] SH2B1 contains several protein-protein interaction domains that have been implicated in regulating actin, cell motility, differentiation and gene expression (Fig. 1) . Our recent studies aim to dissect whether SH2B1 participates in the initiation, extension, Keywords: actin remodeling, filopodia, neurite outgrowth, neuronal differentiation, neurotrophin signaling or branching of neurites. An early work suggests that SH2B1 promotes initiation of neurites. 12 We further demonstrate that SH2B1 is recruited to the plasma membrane and F-actin fractions by IRSp53 to promote the formation of filopodia. 13 IRSp53, the Insulin Receptor Substrate of 53 kDa, family has emerged as a dominant regulatory protein for filopodium formation.
14-16 SH3 domain of IRSp53 is known to interact with several actin modifiers (Fig. 2) . A central question is how IRSp53 regulates cytoskeleton assembly during neuritogenesis. Our findings suggest that SH2B1-IRSp53 complexes promote the formation of dendrites and dendritic branches of hippocampal neurons. 17 Although both SH2B1 and IRSp53 can bind to actin, the actin-binding domain of SH2B1 appears to be not required. Given that SH2B1 and IRSp53 each has several binding partners, it remains to be determined whether their binding partners exist in the SH2B1-IRSp53 complexes and whether they actively participate in the process of neuritogenesis. Moreover, the molecular mechanisms for controlling the initiation of dendritic filopodia are not clear. Dendritic filopodia mainly initiate from the dendritic shaft or small lamellipodia. The actin-rich sites seem to be the base of protruding filopodia. Models for random or signal-induced initiation have been proposed without concrete evidence. Both SH2B1 and IRSp53 are phosphorylated adaptors. [18] [19] [20] SH2B1, specifically, is known to undergo neurotrophin-induced phosphorylation at tyrosines, serines and threonines. It is thus very likely that SH2B1 and possibly IRSp53 are phosphorylated in response to external cue of neurotrophins. Subsequently, SH2B1 regulates neurotrophin-induced signaling and gene expression, 8, 21 concomitantly being recruited to IRSp53-containing complexes to remodel actin cytoskeleton, and modulate morphogenesis (Fig. 3) . It is thus reasonable to speculate that SH2B1-neurotrophin receptor interaction sites are at the proximity of SH2B1-IRSp53 complexes which may Figure 1 . Scheme of SH2B1 domain structure and its interacting proteins. SH2B1 contains 2 N-terminal and a C-terminal Proline-rich domains (P), a dimerization domain (DD), a pleckstrin homology (PH) domain, and a Src homology 2 (SH2) domain. Nuclear localization signal (NLS) and nuclear export sequences (NES) are also identified. The identified interacting proteins to specific domains are indicated. The length of SH2B1 shown is b isoform. mark the putative sites for the initiation of filopodia.
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